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Abstract—In-vivo VFI scans obtained from the abdomen of a
human volunteer using a convex array transducers and trans-
verse oscillation vector flow imaging (VFI) are presented. A 3
MHz BK Medical 8820e (Herlev, Denmark) 192-element convex
array probe is used with the SARUS experimental ultrasound
scanner. A sequence with a 129-line B-mode image is followed
by a VFI sequence in 17 directions with 32 emissions in each
direction. The pulse repetition frequency was set to 5 kHz, and
the intensity and MI were measured with the Acoustic Intensity
Measurement System AIMS III (Onda, Sunnyvale, California,
USA). The derated Ispta:3 was 79.7 mW/m2 and MI was 1.32,
which are within FDA limits for abdominal scans. The right liver
lobe of a 28-year healthy volunteer was scanned with a view of
the main portal vein and vena cava inferior at a frame rate of 7.4
Hz. Thirty frames were acquired, giving 4 seconds of data. For
this volunteer the duration corresponded to roughly 3 heartbeats.
The velocities were found at a beam-to-flow angle of 72  21,
where a conventional CFM scan would yield poor results. Three
VF images from the same position in the cardiac cycle were
investigated and the mean lateral velocities were -0.079, -0.081
and -0.080 m/s showing the consistence of the in-vivo results.
I. INTRODUCTION
Transverse oscillation vector flow imaging (VFI) can be
used for visualizing the complex flow in the human circulation
without angle compensation. Currently it is restricted to pe-
ripheral vessels due to the employment of linear array probes.
The field of view in VFI can be increased by using convex
array transducers, and this paper presents the first in-vivo VFI
scans obtained from the abdomen of human volunteers.
Vector velocity imaging has been developed and com-
mercially introduced for linear array transducers using the
transverse oscillation (TO) approach [1], [2], [3]. This can
be used for studying the complex hemodynamics in e.g. the
carotid artery, for dialysis patients, and in the heart. The set-
up is, however, limited to small parts scanning and vessels no
deeper than 6 cm, due to the limited aperture and often high
frequency used in the linear arrays employed. The method has
therefore been further developed for both phased array [4] and
convex array scanning [5] to increase the penetration depth
and also used in tissue motion estimation [6], [7]. Currently
TO vector flow imaging for convex arrays has only been
demonstrated for flow rig measurements [5]. The purpose of
this paper is to show the first in-vivo examples of applying the
method to human volunteers.
The design of the TO fields for the set-up is briefly described
in Section II, and the measurement and processing are detailed
in Section III. The intensities of the sequence have been
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Fig. 1. The top graph shows the apodization employed during transmit, and
the graph at the bottom shows a typical receive apodization function employed
in TO imaging.
measured and are shown in Section IV. A number of in-vivo
examples are shown in the results Section V.
II. TO FIELDS
The TO method relies on creating a controlled lateral
oscillation by having a receive apodization function with two
peaks as shown in Fig. 1. This ensures the generation of a
transverse oscillation as there is a Fourier relation between
the apodization function and the ultrasound CW field at the
focus or in the far-field [1], [8]. The TO wavelength is
lx =
2lD
Pd
=
2lD
NdPi
; (1)
where l is the normal axial wavelength, D is the depth, and
Pd is the distance between the two peaks in the apodization
function. The transducer pitch is Pi and the number of elements
between the peaks is Nd . Assuming that the lateral oscillation
wavelength can be designed to be four times the pitch of the
transducer (lx = 4Pi), the number of elements between the
peaks is:
Nd =
2lD
Pd
=
2lD
4P2i
: (2)
The width of the peaks in the apodization function can be
found from
Nw =
lD
2F#TOPi
; (3)
where F#TO is the F-number in receive,
Contours of psf left (linear)
Ax
ia
l d
ist
an
ce
 [m
m]
Lateral distance [mm]
−3 −2 −1 0 1 2 3
60
60.5
61
61.5
62
Contours of psf right (linear)
Ax
ia
l d
ist
an
ce
 [m
m]
Lateral distance [mm]
−3 −2 −1 0 1 2 3
60
60.5
61
61.5
62
Fig. 2. Linear contour plots of the left (top) and right (bottom) point spread
functions at a depth of 60 mm.
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Fig. 3. The top graph shows the obtained lateral wavelength before (blue
curve) and after optimization (red curve). The green curve is lx predicted
from (1). The middle graph shows the spectral bandwidth, and the lower
graph shows the amount of residual energy for negative frequencies when
making a Fourier transform of the complex point spread function.
These equations give the initial design criteria for the
apodization function, and an estimate lateral oscillation wave-
length can then be found by (1) for a continuous wave field.
The wavelength will be slightly different for a pulsed field and
away from the transmit focus. Simulations and optimizations
as described in [5] are therefore employed for getting the best
possible setup. The optimized lateral field is shown in Fig. 2,
where the top plots shows the left field and the bottom the
right. Fig. 3 shows the obtained lateral wavelength before (blue
curve) and after optimization (red curve) on the top graph. The
green curve is lx predicted from (1). The middle graph shows
the spectral bandwidth, and the lower graph shows the amount
of residual energy for negative frequencies when making a
Fourier transform of the complex point spread function shown
in Fig. 2. The optimization yields an improved point spread
function and hereby reduces the bias of the results [5].
III. MEASUREMENT SETUP AND PROCESSING
A 3 MHz BK Medical 8820e (Herlev, Denmark) 192-
element convex array probe is used with the SARUS scanner
[9]. A sequence with a 129-line B-mode image is followed
by a VFI sequence in 17 directions with 32 emissions in each
direction. The B-mode image is focused at a depth of 42 mm
with an F# of 2 and a Hanning apodization in transmit. The
VFI emissions are focused at 105 mm with a F# of 5 and use
64 transmit elements with Hanning apodization. Four elements
are skipped between the center element for each VFI direction.
All 192 channels were sampled at a frequency of 17.5 MHz.
The receive apodization consisted of two 46 element wide
peaks separated by 64 elements between peaks. This gave a
TO wavelength of 2.71 mm at 60 mm in a Field II simulation
that yielded a residual left side energy below -16.6 dB. The
pulse repetition frequency was set to 5 kHz, yielding a frame
rate of 7.4 Hz. Thirty frames were acquired, giving 4 seconds
of data, and for this volunteer the duration corresponded to
roughly 3 heartbeats.
The data fill 15.1 Gbytes on disk and were stored in 32
minutes, giving a storage rate of 470 MBytes/min or 7.86
MBytes/s from the RAM in SARUS to the Linux storage
cluster. The data were processed using the BFT3 toolbox
[10] in Matlab, and the velocity vector was found using
the estimator from [11]. Echo canceling was performed by
averaging across all emissions and then subtracting this from
the signals. A discriminator based on the energy before and
after echo canceling was also used. Velocity estimates were
shown when this energy after was 1.5% of the energy before
echo canceling.
IV. INTENSITY MEASUREMENTS
The intensity and MI were measured using the Acoustic
Intensity Measurement System AIMS III (Onda, Sunnyvale,
California, USA) with an Onda HGL-0400 hydrophone. It was
connected to one receive channel in the SARUS system, which
makes it possible to make a fast acquisition of the intensity
for the whole sequence as described in [12]. The measurement
was conducted at a 2 kHz pulse repetition frequency, and the
result are shown in Figs. 4 and 5. The peak derated MI in
this sequence is 1.32 at (x;y;z) = (8:0;0:0;40:0) mm, which
is below the FDA limits of 1.90 [13].
The derated Ispta:3 in this sequence is 31.87 mW/cm2 at
(x;y;z) = (2:0;0:0;20:0) mm. The intensity is fairly evenly
spread out over the imaging region and is highest fairly close
to the transducer. The pulse repetition frequency fpr f can
therefore be scaled by a factor 22.59 to 45.19 kHz before
reaching the FDA limit of 720 mW/cm2. A pulse repetition
frequency of 5 kHz was used during the in-vivo measurements.
This gives a derated Ispta:3 of 79.7 mW/m2 and an MI of 1.32,
which are both within FDA limits for abdominal scans.
V. In-vivo RESULTS
Scans were conducted on a fit 28-year volunteer at rest.
Initially he was scanned with a commercial scanner to find the
best possible view. Data were then acquired by the SARUS
scanner using a real-time preview mode only showing the B-
mode image and not the vector velocity image. Data were then
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Fig. 4. Derated MI. The white circle indicates the position of the peak value.
Lateral distance [mm]
D
ep
th
 [m
m]
Derated Ita,   Ispta.3 =   31.87 mW/cmÂ² at (x,y,z) =    2.00   0.00  20.00 mm
 
 
dB
 re
l. 
1 
W
/c
m2
−40 −30 −20 −10 0 10 20 30 40
20
30
40
50
60
70
80
90
100
110
120
−20
−10
0
10
20
30
Fig. 5. Derated Ita:3. The white circle indicates the position of Ispta:3.
stored and processed off-line in Matlab to yield the vector
velocity images.
The right liver lobe of the volunteer was scanned with a
view of the main portal vein and vena cava inferior, and the
resulting images are shown in Fig. 7. In general it is difficult to
validate results from in-vivo images. One approach is to look
at consistency across a number of heart beats, which can be
found from the velocity data. The axial velocity component at
the center of the vessel is shown in Fig. 6 as a function of time
to find images at the same phase in the cardiac cycle. The time
between peaks is 1.35 s giving a heart rate of 44 beats/min.
This corresponds to a cardiac cycle length of roughly 10
frames in this sequence and images have been selected for
display based on the peak positions in the graph.
0 1 2 3 4 5−0.04
−0.03
−0.02
−0.01
0
0.01
0.02
0.03
Time [s]
Ax
ia
l v
el
oc
ity
 [m
/s]
Fig. 6. Axial velocity component as a function of time at the center of the
main portal vein.
TABLE I
MEAN VELOCITIES AND ANGLES ESTIMATED FROM THE VELOCITY
IMAGES.
Frame Mean angle Angle std Mean velocity
deg. deg. m/s
6 70 23 -0.079
16 73 21 -0.081
25 74 22 -0.080
The resulting vector velocity images are shown in Fig. 7
for the three heart beats, when assuming a heart rate of
44 beats/minute. The flow progresses from left to right in
the image, and a fairly uniform velocity profile is seen at
positive lateral distances in all three images. The velocity
arrows roughly follow the boundaries of the vessel. At lateral
distances between 0 and -10 mm, a more disturbed flow is seen
with two velocity peaks. The B-mode image also has a larger
brightness indicating that the vessel might not be straight in
this region. The vessel narrows at the inlet on the left, and
the velocity, thus, increases, which is indicated by the longer
arrows.
Table I shows the estimated mean angle and mean lateral
velocities for the three images. The angle is close to 72, which
is fairly close to a transverse flow and, thus, not usable in
a conventional scan set-up. The angle spread is around 22
and, thus, encompasses a fully transverse flow. The depth is
fairly high compared to the transducer size and angulation
will therefore be difficult in a conventional CFM or spectral
measurement. The mean lateral velocity is around -0.08 m/s
for all frames and indicates the consistency of the in-vivo data
across the heart cycles.
A second in-vivo example is shown in Fig. 8 for the same
volunteer. Here liver veins are shown. In this image the
velocity vectors mostly follow the vessel wall and a connecting
vein can be seen at the bottom to the left of the main vein.
Arrows pointing into the main vein along its upper wall also
indicate connecting veins. The example spans a larger range of
depths, and more uncertain estimates are obtained during the
cardiac cycle as the signal-to-noise ratio is lower and the TO
method is optimized for imaging at 60 mm. The estimation is,
thus, worse at other depths as the lateral wavelength deviates
from the true as shown in Fig. 3. Dynamic focusing should
therefore ideally be used in this case.
VI. CONCLUSION
Vector flow imaging using a convex array and transverse
oscillation has been developed and used in-vivo on the main
portal vein for a healthy 28-year old male volunteer. Three
cardiac cycles were acquired, and the vector flow images were
consistent in terms of mean lateral velocity and mean angle
of the flow in the vessel. The method therefore expands on
the capabilities of vector flow imaging making it possible
to penetrate deeper into the body and still maintain angle
independent results. This can significantly expand the clinical
possibilities in e.g. the abdomen.
3
Lateral distance [mm]
Ax
ia
l d
ist
an
ce
 [m
m]
Portal vein and vena cava, Frame 6
0.5 m/s
−20 −10 0 10 20
45
50
55
60
65
70
75
80
Lateral distance [mm]
Ax
ia
l d
ist
an
ce
 [m
m]
Portal vein and vena cava, Frame 16
0.5 m/s
−20 −10 0 10 20
45
50
55
60
65
70
75
80
Lateral distance [mm]
Ax
ia
l d
ist
an
ce
 [m
m]
Portal vein and vena cava, Frame 25
0.5 m/s
−20 −10 0 10 20
45
50
55
60
65
70
75
80
Fig. 7. in-vivo example of the main portal vein and vena cava inferior for
a fit 28 years old male. Three frames are shown at the same instance in the
cardiac cycle assuming a heart rate of 44 beats/minute.
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Fig. 8. in-vivo example of the liver veins for a fit 28 years old male.
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